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Abstract

A sliding mode control (SMC) for servo motors based on the differential evolution (DE) algorithm, called DE-SMC, is
proposed in this study. The parameters of SMC should be designed exactly to improve the robustness, realize the precision
positioning, and reduce the steady-state speed error of the servo drive. The main parameters of SMC are optimized using the DE
algorithm according to the speed feedback information of the servo motor. The most significant influence factor of the DE
algorithm is optimization iteration. A suitable iteration can be achieved by the tested optimization process profile of the main
parameters of SMC. Once the parameters of SMC are optimized under a convergent iteration, the system realizes the given
performance indices within the shortest time. The experiment indicates that the robustness of the system is improved, and the
dynamic and steady performance achieves the given performance indices under a convergent iteration when motor parameters
mismatch and load disturbance is added. Moreover, the suitable iteration effectively mitigates the low-speed crawling
phenomenon in the system. The correctness and effectiveness of DE-SMC are verified through the experiment.
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NOMENCLATURE T; Load torque, N-m
N U T, Electrical magnetic torque, N'm
. N f pole pai
a,f Stationary reference frame axes " umber of pole pairs
Py Rated power, kW
d, q Rotary reference frame axes I Rated volt v
Iy Ig o- and f-Axes stator currents, A N ated voltage,
.. Iy Rated current, A
ig, Iy d- and g-Axes stator currents, A P Rated f -
iy Ip a- and b-Axes stator currents, A N ?{et dreque:jlcy/, ,Z
Uqs, Up o- and f-Axes stator voltages, V My a e. spe.e » [/min
K, Voltage amplification factor
Ug, Uy d- and g-Axes stator voltages, V c feedback f
War Wy d- and g-Axes rotor flux linkages, Wb B ) urrent 'ee ; ack factor
. T; Time constant of inertial element
Ly L, d- and g-Axes stator inductance, H )
. K, Proportional factor of the current regulator
W Flux linkage of permanent magnet, Wb K : rtional factor of th d lat
Uy DC link voltage, V - I r.opO. ional factor of he speeCl regula or
[]* Reference quantity 7, ntegration time constant of the vspe.e regulator
J Moment of inertia T, Electromechanic time constant
0 Rotor position, rad K, Speed feedback factor
B Viscous friction coefficient K, o Electromotive force factor
® Electrical angular velocity, rad/s 5 Integration time constant of the current regulator
R Stator resistance, Q
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those of DC motors. As modern industrialization and the
permanent magnet material develop, the AC servo drive
system with a permanent magnet synchronous motor (PMSM)
has been widely used in many areas. However, a series of
challenging problems remains in servo motor drives due to
parameter variations, model mismatch, unknown disturbances,
and the highly nonlinear nature of these drives. These issues
contribute to the deterioration of performance of servo drive
systems, such as the low-speed crawling phenomenon [1], [2],
poor robustness, and inaccurate positioning.

With the rapid development of control theory, several
advanced control methods have been proposed to achieve
high-precision positioning control performance; these
methods include the sliding model control (SMC) [3]-[5], the
adaptive control [6]-[8], the internal model control [9]-[12],
the active disturbance rejection control (ADRC) [13], [14],
and other advanced control technologies. Among these
methods, the SMC strategy has many advantages for
uncertain systems and parameter mismatch, such as having a
simple structure, strong robustness, and extensive applications.
Thus, SMC plays a vital role and has practical value in servo
drive systems. In particular, SMC is independent of the object
model, is insensitive to the variation of system parameters,
can restrain disturbance effectively, and can improve system
robustness. Therefore, SMC is a practical method for solving
the parameter mismatch problem in servo drive systems.

As a robust control method, SMC can deal with the
uncertainty of a motor system. Therefore, it is widely applied
in many technical fields, particularly in the field of motor
control. Many studies have been conducted to improve the
robustness of PMSM [15]-[17]. The switched reluctance
motor control method based on SMC was applied in [18].
SMC was used for a medium-stroke voice coil motor to
achieve position control in [19]. An SMC strategy for electrical
line-shafting control for motor speed synchronization was
utilized in [20]. A robust control method with high-precision
motion control was presented for the positioning control of
permanent magnet iron core synchronous motor drives [21].
Most of these works are based on the conventional SMC and
are limited to a single control object without model mismatch.
Therefore, these existing SMC methods do not illustrate the
tuning of SMC parameters in motor control. Few studies
involve the positioning control of servo motors based on
SMC. Precise positioning is a key index for judging servo
drive performance. Several methods for positioning control
were proposed in [22], [23]. A flexure-based Lorentz motor
fine stage was designed concurrently with a simple
proportional-integral-derivative (PID) controller for dual-
stage positioning based on the existing coarse stage [22].
However, PID controllers are not robust and their performance
deteriorates when the operating conditions change due to
parameter variations in the motor. Adaptive backstepping
control was applied in [23]. To improve positioning precision,

the adaptive law based on neural networks was proposed to
tune parameters; however, the robustness of the adaptive
backstepping control is worse than that of SMC. When the
structure of a controller is considered, SMC is a better choice
for applications in servo drive systems. It has a direct and
significant impact on system response performance due to the
precise positioning requirement of industrial applications.
Thus, the SMC structure must be designed accurately; that is,
the parameters of SMC must be chosen precisely. Therefore,
the tuning of parameters is a significant step in system design.
In general, an SMC designer adopts a trial-and-error tuning
method. However, the process of manually tuning SMC
parameters is time-consuming and requires a considerable
amount of design effort. In addition, satisfactory control
performance is difficult to achieve in real time. Furthermore,
the ranges of certain parameters vary according to different
controlled objects. If parameters are not tuned properly, then
the performance of SMC will be affected, thereby limiting the
extensive application of this method. Therefore, an ideal
method for tuning SMC parameters in servo drive systems
should be designed.

On the basis of previous works, an SMC based on the
differential evolution (DE) algorithm (i.e., DE-SMC) for
servo drive systems is proposed in this study. The DE
algorithm is adopted to optimize the parameters of SMC. This
algorithm is known for its simplicity and rapid performance.
The advantages of SMC and the DE algorithm are combined,
and the DE algorithm is used to optimize the parameters of
SMC with a suitable iteration. DE-SMC improves the
robustness of servo drive systems and achieves the given
control indices when motor parameters mismatch and load
disturbance is added. Meanwhile, the low-speed crawling
phenomenon of servo drive systems is mitigated and the
given indices are realized after a convergent iteration. The
correctness and effectiveness of the proposed method are
verified by the experimental results.

II. SMC OF SERVO DRIVE SYSTEMS
A. Mathematical Model of a Servo Drive System

If the servo motor is an ideal controlled object, then the
mathematical model of the servo motor under the d—gq
coordinate system is given as follows:
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On the basis of motor characteristic, L, =L,, and the servo

motor uses the rotor flux oriented vector control technology,
which indicates that #, =0. Then, Eq. (1) becomes
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The voltage equation is given as
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The torque equation is given as

(&)

T,=1.5ny i, . @)
The servo motor motion formula is
r-r,=79 @®)
¢ n, dt

The conventional servo drive system contains three loops:
current, speed, and position loops. From the mathematical
model of the motor structure, the design of each loop is
shown as follows:

1) Design of the Current Regulator
The control object of the current regulator is described as

KK.B ©
(Ts+1)(Ts+1)>

where K, =1/ R and T,= Lq/ R. The PI controller and the

Giolgf (S ) =

open-loop transfer function of the current loop are described
as

K, (r;s+1)
Gicr(8) ZPT (10)
KKp__ K,@s+h) (1)

Gols) = Gy O) Gucn®) = - e =

2) Design of the Speed Regulator

The control object of the current regulator and the PI
controller of the speed loop are described as

KRK,ITK
Gy () ==Lt (12)
ST, s+1)
K (t,5+1)
G () =—"—"—=> (13)
TS

where K,, and 7, are the proportional factor and the
integration time constant of the speed regulator, respectively.
T, is the small inertia time constant. K, =1/8, K,=n,/vy,,

and 7 =J-R /(9.55-K;-K;)- The open-loop transfer function

of the speed loop is

9.55-K, KKK, (z,5+])
Gy (9)=G, ()G gpls) = P T 14

Jr 5 (T, s+1)

3) Design of the Position Regulator
The speed loop is a typical II system. It is combined with
the position loop to obtain a higher-order system. To
conveniently analyze the system, the transfer function of the
speed loop and the open-loop transfer function of the position
loop are

K, (15)
G = W b
() Ts+l
K K.
Gy (5) = (16)
9.555(T s +1)

where K,, is obtained using the reference and actual speeds,
and T, is the time constant of the inertial element. X, is the
proportional factor of the position regulator.

To improve the robustness of a servo drive system, the
conventional speed regulator based on PI is replaced with
SMC. The design details of SMC are as follows.

B. Design of SMC

SMC is a nonlinear control method, and the sliding mode
can be designed to adapt to the structures of different systems.
SMC is independent of the parameters of the controlled
object and outside disturbance, and it can be conveniently
realized physically. These features have expanded the
applications of SMC under different control requirements.
However, SMC control is discontinuous and the structure of
an SMC system is not fixed. To improve control capability,
the structure and relative parameters of SMC should be
changed purposefully according to control performance
indices. Therefore, the principle and basic design of SMC in a
servo drive system is introduced as follows.

Assume that the system is nonlinear and the model is
shown in Eq. (17):

x=f(x,u,t),xeR" ucR",teR. 17

In this study, a switching function s(x), which contributes

to establishing a variable structure control, should be ensured,
and u is shown in Eq. (18):

.
L (x),s(x)>0 ’ (18)
u (x),s(x)<0
where u'(x)#u (x) . The mathematical formula for the
sliding mode existence is described as

lim$(x) <0
540 (19)

Sll)rpo s(x)>0 .
Another way to express the accessibility condition is
8(x)-$(x) <0 (20)
When the system is in sliding mode, s(x)=0 and $(x)=0.

In general, the exponential reaching law section is
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ds/dt =—c-s, and its solution is shown in Eq. (21):
s=5(0)-¢*. (1)
The exponential reaching law section can guarantee that
the system approaches sliding mode rapidly given that s is
high. However, the single Eq. (21) cannot ensure that the
system will arrive at the switching manifold in finite time. To
make the reaching rate unequal to zero, the equal rate
reaching law section ds/dt=—&-sgn(s) is added. Vibration
can be decreased by appropriately changing parameters ¢ and
€, and the reaching rate can be accelerated. Thus, the key
points of sliding mode motion are the parameters of the

reaching law in Eq. (22) and the switching function.
ds/dt =—¢-sgn(s)—c-s (22)
The reaching law shown in Eq. (22) is selected to design

the SMC of the servo drive system. To achieve speed
regulation control of the system, the speed error is denoted as

e=w —w, where " is the reference angular velocity. Thus,
the servo motor speed error can be expressed to indicate
X, =e and x, =¢é, and the relative state equation is obtained as

{xl eme 23)
X=X =0 -0
When Egs. (8) and (23) are combined, the following
expression is obtained:
. . h
% =% =—o=—7r([,—T)- 24
The following expression is derived by introducing Eq. (7)
into Eq. (24):
n, .
X, =—J(1.5npwflq -T). (25)

Again, 3 isexpressed as
2

. n . n :
%, :—j(l.snpl//flq) =—1.5? Wi - (26)

The mathematical model of the servo drive system at the

X=X
) . 27
{x? Z_Alq

phase space is

2
where A:l,snLl//f. Furthermore, the sliding mode variable
J

s is defined as
s=k-x+x,, (28)
where k is a positive constant. To quickly reach the sliding
surface and reduce chattering, the exponential reaching law is
§=—¢-sgn(s)—c-s, (29)
where ¢> 0 and ¢ > 0. g and c¢ are the switching gain and the
exponent coefficient of the reaching law, respectively. When

the servo drive system is steady, Eq. (30) can be developed as
follows:

Fig. 1. Diagram of the servo drive system based on SMC.

—&-sgn(s)—c-s=k-X% +X, . (30)
When Egs. (25) and (26) are combined, the sliding mode
speed controller is

i :ij(g-sgn(s)+c-s+k-x2)dt

1 .
:Zj(k~x2+5~sgn(s)+c(k-xl+x2))dl a1

= i(k+c)~(—a))+% I(e-sgn(s)+k~c~(m* —w))dt

The stability analysis of the SMC is verified. In accordance
with Lyapunov stability theory, if V(x) =5-5<0, then the
servo drive system is stable. Thus, Eq. (32) is described by
Egs. (28) and (29).

V(x)=s-§=(k-x, +x,)-(—&-sgn(s)—c-s)
=—(k-x,+x,)-[e-sgn(k-x, +x,)+c-(kx, +x,)]
=—&-(k-x,+x,)-sgn(k-x, +x,)—c-(k-x, +x,)°
:—£~‘k~x1 +x2‘—c-(/’c-x1 +x,)° <0

(32)

The stability of the SMC is verified according to Egs. (25)
and (26).

Fig. 1 shows the diagram of the servo drive system based
on SMC.

III. OPTIMIZED SMC USING THE DE
ALGORITHM

If the robustness of the servo drive system is improved
effectively, then the main SMC parameters, namely, &, &, and
¢, must be appropriate. However, suitable parameters for
achieving the given performance indices are difficult to
select. In this study, the DE algorithm is introduced to
optimize the parameters. Thus, the robustness of the system
can be strengthened, and its dynamic and steady performance
is optimized. The novel DE-SMC method is proposed in this
section. It uses the DE algorithm, which can automatically
tune the parameters of SMC. Moreover, the experimental
results verify that DE-SMC exhibits a better dynamic and
steady performance than the ordinary SMC.
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Fig. 2. Main processes of the DE algorithm.

A. Processes of the DE Algorithm

Similar to the principles of other evolutionary algorithms,
the DE algorithm is also a multi-point search algorithm. The
optimization processes of the DE algorithm are similar to
those of the genetic algorithm. The DE algorithm selects two
random vectors from the initialization population and then
creates a mutant generation through factor F and another
random vector. Furthermore, a new generation is evolved and
generated via crossover and selection. The main processes of
the DE algorithm are illustrated in Fig. 2, and the concrete
processes are described as follows.

1) Initialization

Similar to other evolutionary algorithms, the DE algorithm
also needs an initial population at the beginning of
optimization, and the population size is Np. The random
initial population is from a known range value that covers the
entire parameter space.

Set X; = [xi;, Xi2..., Xin], Where n is the solution space
dimension, and an individual vector X;; is obtained as

+rand0,1)*(X; jmax=%X; jmin)»  (33)

Jh . .
where X;j, X; jmax, and X; j,;, are the J" components, upper limit,

Xi,j =i, jmin

and lower limit of individual vector X, respectively.

2) Mutation

From the K generation vector Xl-k , the mutated vector v} i

is produced by
K+l _ K k k
vip =X, +F (o —X55), (34)
where x* X x*. . are the /" components of three
rl,j’ r2,j° r3,j J p

different and random vectors from the K generation
individuals. Factor F is a significant parameter for controlling
differential quantity.

3) Crossover
The crossover factor is presented to improve the
interference vector diversity in the DE algorithm. The target
vector uf‘j' is engendered from mutation and source vectors,

and each variable is calculated as

18, No. 1, January 2018

© (d)
Fig. 3. Main parameters that influence the DE algorithm. (a) F =
0.5, Cg= 0.9, Np= 100, iterations = 20. (b) F = 0.8, Cx= 0.9, Np
=100, iterations = 20. (¢) F = 0.5, Cg= 0.5, Np= 100, iterations
=20.(d) F=0.5, Ck= 0.9, Np= 100, iterations = 15.

k+1 .
g )V =G or J=q; (35)
" X; otherwise

where ¢; is a random integer that belongs to (1, n), and 7; €
(0, 1) is a random control parameter of the j-dimensional
component. The crossover factor Cre(0,1) controls the
diversity of the population and helps the algorithm escape
from the local optimal solution.

4) Selection
In accordance with the principle of greedy selection, if the
individual evolution value is better, then the better individual
is reserved for a new group. Otherwise, the parent individuals
remain in the populations, and this section is described as
i {u!‘: i fafh< el 6

X; otherwise

The processes of the DE algorithm are described in the
preceding paragraphs, and Fig. 3 shows the influences of
parameters F and Cy and the number of iterations. In Fig. 3,
the red dots represent individuals and the black circle
represents the optimization goal. Population quantity Np is set
within the range of 50 to 200. The ranges of F and Cy are (0,
2) and (0, 1), respectively, in the evolution. The mutation
factor F determines the ratio of the deviation vector. Figs. 3(a)
and 3(b) illustrate that the convergence rate is faster when F
is 0.5 than when F is 0.8. When the mutation factor F is small,
the convergence rate is fast. The results of the comparison of
Figs. 3(a) and 3(c) show that a large crossover factor Cy leads
to a fast convergence rate. The results of the comparison of
Figs. 3(a) and 3(d) show that more iterations can improve the
convergence speed of the DE algorithm. However, more
iterations cost considerable time. Thus, the suitable iteration
is set from 5 to 50. Finally, the selected parameters of the DE



Sliding Mode Control for Servo Motors Based on ... 97

Uy,
nlns
i u *
d d
,,,,,, 7 S N v
i | - fo Current * IGBT
0. Sliding ‘l i Reautar | Y Park
Mode (1w cgular {4 o | ansform Inverter
- Controller || . 1_
0 L — 1
1 q 6
! =
} DE Algorithm || Park
| | Optimize SMC : Transform
|| Parameters) |,
|
77777777 I
1 Sensor |

Fig. 4. Structure of the servo drive system based on the DE-SMC
method.

algorithm are as follows: Np= 100, F = 0.5, and Cx= 0.9 in
the proposed DE-SMC. The number of iterations depends on
the concrete case of the servo drive system.

B. SMC Based on the DE Algorithm for Servo Drive
Systems

To study the DE-SMC method for servo drive systems, the
structure of DE-SMC based on FOC is shown in Fig. 4. The
DE-SMC method mainly comprises two parts to optimize
SMC parameters based on the DE algorithm: parameter
optimization via the DE algorithm and SMC. From the
analysis in Section II, the control performance of SMC is
considerably affected by &, ¢, and c. Thus, the three variables
should be optimized to achieve the given performance
indices.

In Fig. 4, i, and i; represent the a-axis current and the
p-axis stator current, respectively. i, and i, represent the
a-phase current and the b-phase current, respectively. S,, S,
and S, represent the switching vectors.

The DE algorithm is applied to optimize the three
parameters, and thus, improve the control performance of the
servo drive system Then, the concrete processes of applying
the DE algorithm to SMC are described as follows.

1) Establishment of the Objective Function

To improve the control performance and robustness of the
system, the three key parameters of SMC are optimized using
the DE algorithm. Therefore, an objective function, which
reflects the performance of the system, is designed to satisfy
the control indices.

In general, the performance of a servo drive system
includes dynamic performance and steady performance,
which mainly include speed rise time 7, and speed steady
error Eg . (%). If a system is under a rated load and no load,
then the given key performance indices are speed drop
AN pyarop (%), speed up AN,,,, (%), recovery time of the rated
load T,.,, and recovery time of no load T,.,. The
corresponding indices of relative performance are described
as Tiise-index> E.v.\'i.vpe-indexa AN()\/drup-indexa ANUvup.index, T rert-index> and
Ten-index- For the objective function to achieve the control
indices in different cases (e.g., parameter mismatch, low-
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Fig. 5. Main processes of parameter optimization.

speed crawling, and load disturbance), it should be composed
of the weighted sum of the dynamic and given steady
performance indices as follows. The objective function is
given as

Y= k ' (];ise - Yj'isefindex) té&- (AN()vdrap + AN()vup - AN()vdro]%index
- AN()vu[kindex) +c- (]:"erl + 7Wrenl + E.\'sispe - ’Trerlfindex L renl-index

-E

ssispefindex)

€0

The objective function of the system is determined by the
aforementioned design. That is, when Y is small, the
performance of the system is good. Thus, the given
performance indices can be achieved until Y reaches the
minimum value.

2) Parameter Optimization of SMC

The parameters &, &, and ¢ of SMC are optimized using the
DE algorithm according to the objective function and the
variables of the system. A series of parameters, namely, 7.,
Eys ges ANovirops ANoyups Trers and T, are obtained based on
the speed feedback; and Y is derived from Eq. (37). First,
initial population Y = [Y3,Y>,...,Y,] and y;;as the /™ component
are set. Then, the initial population is mutated by Eq. (20),

and the target vector U, ki =[u,.k1+1,uf2+1,... ut

;"] is calculated
from the mutation and source vectors by crossing. The DE
algorithm can repeatedly optimize the parameters in the next
control cycles and always choose minimum Y from the
optimization results. Finally, minimum Y is chosen, which
indicates that suitable parameters £, ¢, and ¢ are selected and
the control performance reaches the given indices. The
processes for optimizing k, & and ¢ by using the DE

algorithm are illustrated in Fig. 5.
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44 fjppa monitor

Fig. 6. Experimental platform.

TABLE 1
MOTOR PARAMETERS

Symbol Quantity Value
Py rated power 2kW
Uy rated voltage 380V
ny rated speed 2500 r/min
Iy rated torque 7.7N-m
fv rated frequence 50Hz
Ry stator resistance 0.1Q
Ly d-Axis stator inductance 24.3mH
L, g-Axis stator inductance 243mH

rotational inertia 0.23 kg'm?
n, number of pole pair 4

In the process of optimizing the parameters of SMC using
the DE algorithm, the most significant influence factor of
servo drive control performance is the number of iterations.
Few iterations will result in the failure of the servo drive
system to achieve the given performance indices, whereas
numerous iterations will increase the required calculation and
digital signal processor (DSP) memory resources. Therefore,
to achieve the given performance indices after a convergent
iteration of the DE algorithm, the relative indices of the
control system must be identified first. Then, the optimization
process profiles of k, & and c are tested, and convergent
iteration is achieved.

IV. EXPERIMENTAL RESULTS

The experimental platform is shown in Fig. 6, and the
parameters of the servo motor are presented in TABLE 1. The
platform is built based on the RENESAS DSP SH2A and
Lattice field-programmable gate array, and the SMC
algorithm is written in C language. The feedback information
of the system is delivered to the host computer under the VC
++ environment, the Windows Application Program Interface
is used to adopt the USB interface communication method.
The DE algorithm is applied to tune the parameters off-line in
the host computer.

A. Correctness Verification of DE-SMC

The correctness of DE-SMC under the position control
mode is tested with no load, as shown in Figs. 7(a) and 7(b),

> 8

=
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=
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Time (1 s/div) Time (200 ms/div)
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Fig. 7. Responses of position and speed based on DE-SMC. (a)
Experimental results when the servo motor switches between 0
and 180 degrees. (b) Experimental results when the servo motor
switches between 0 and 360 degrees. (¢) Experimental results
based on DE-SMC with no load over the speed range. (d)
Experimental results when the servo motor starts-up at 2500
r/min based on DE-SMC with no load.

and the input of the system is the reference position (i.e., the
number of pulses). The speed of the motor is controlled by
the speed of the pulses. Fig. 7(a) shows that the motor
switches back and forth between 0 and 180 degrees, and the
speed response is +200 r/min. Fig. 7(b) shows that the motor
switches back and forth between 0 and 360 degrees with 10
r/min. The overshoots of the position and the speed responses
are nearly 0, and the motor exhibits good dynamic and steady
performance under the position control mode.

The correctness of DE-SMC under the speed control mode
is tested with no load, as shown in Figs. 7(c) and 7(d); that is,
the input of the system is the reference speed instead of the
reference position. Fig. 7(c) shows that the motor runs in six
stages: 30, 600, 1500, 2500, 900, and 50 r/min, which
represent the full range of running speeds. Fig. 7(d) shows
that the motor runs at 2500 r/min in 120 ms, and the
overshoot and u-phase currents are approximately 0. That is,
DE-SMC demonstrates good start-up dynamic performance
under the speed control mode.

The correctness of DE-SMC in the servo drive system is
verified effectively under the position control and speed
control modes.

B. Effectiveness Verification of DE-SMC

The robustness of the proposed method is mainly
investigated under four cases: R, mismatch, L, mismatch,
low-speed crawling, and load disturbance. If the relative
performance of SMC is optimized by the DE algorithm, then
the given performance indices should be set first according to
the objective function of optimization. The given performance
indices are listed in TABLE I1.
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TABLE II
INDICES OF PARAMETERS
Case Symbol Quantity Index
parameter mismatch Tise speed rise time <120 ms
parameter mismatch  E ., speed steady error <10%
low speed crawling £ speed steady error <10%
low speed crawling Trise speed rise time <20 ms
load disturbance AN ovirop speed drop <3%
load disturbance AN speed up <3%
load disturbance Trert recovery time of rated load <40 ms
load disturbance Trent recovery time of no load <40 ms
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Fig. 8. Optimization processes of the three main parameters.

The optimization processes for the three main parameters £,
& and c are illustrated in Fig. 8. The servo drive system is
steady, and the three parameters are convergent until the 14th
iteration, when the system reaches the given performance
indices. To verify the correctness of the convergent iteration
and the robustness of the system, the system operates under
6th and 14th with different cases. The comparison of the
experimental results shows that the system achieves the given
performance indices for improving the robustness of a system
after a convergent iteration.

1) Verification of Control Performance with R, Mismatch

Figs. 9 and 10 illustrate the comparative experimental
results when the system is under 6th and 14th with R,
mismatch, which aims to improve the dynamic and steady
performance of speed response. The position reference
switches back and forth between 0 and 360 degrees, and the
speed response is 50 r/min under 6th and 14th with 2 R
mismatch in Figs. 9(a) and 9(b). Meanwhile, the rise
characteristic of speed response is enlarged. The enlarged
section shows that the rise time is 32 ms under 6th and 14th.
Figs. 9(c) and 9(d) show the steady state errors of speed and
position responses when motor speed is +50 r/min. Fig. 10
also verifies the analogous comparative results with 0.5 R,
mismatch. Evidently, the rise time and the steady error of
speed and position responses under 14th are smaller than
those under 6th. Meanwhile, the speed response reaches the

given performance indices until 14th. Therefore, the
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Fig. 9. Comparative results of position and speed responses
under 6th and 14th with 2 Rs. (a) 6th. (b) 14th. (c) Enlarged
figure under 6th. (d) Enlarged figure under 14th.
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Fig. 10. Comparative results of position and speed responses
under 6th and 14th with 0.5 Rs. (a) 6th. (b) 14th. (c) Enlarged
figure under 6th. (d) Enlarged figure under 14th.

effectiveness of the DE-SMC method with R, mismatch is
verified.

2) Verification of Control Performance with L; Mismatch

Figs. 11 and 12 illustrate the comparative experimental
results when the system is under 6th and 14th with L,
mismatch. When the d-axis inductance is under 2 L, or 0.5 L,
the position reference switches back and forth between 0 and
360 degrees at £50 r/min under 6th and 14th in Figs. 11(a)
and 11(b), respectively, and the rise characteristic of speed is
enlarged. The enlarged section shows that the rise time is 18
ms under 6th and 16 ms under 14th, and the rise time is
shorter under 14th. In addition, Figs. 11(c) and 11(d) show
the steady state error of speed and position responses when
the motor runs at +50 r/min, respectively. Fig. 12 also verifies
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the analogous comparative results with 0.5 L; mismatch.
Therefore, the steady state errors of speed and position
responses evidently decrease, and the speed response is faster
under 14th. The relative performance reaches the given
performance indices until 14th.

To clearly show the experimental data of control
performance under 6th and 14th with parameter mismatch,
the histogram of the comparative results is presented in Fig. 13.

3) Verification of Control Performance with Low-speed
Crawling
When the system is under the speed control mode, the
input of the system is the reference speed. Low-speed
crawling is a common phenomenon in servo drive systems.
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Fig. 13. Comparative histogram of experimental data with
parameter mismatch.
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Fig. 14. Comparative results under 6th and 14th with low-speed
crawling. (a) 6th. (b) 14th.

The comparative results of the control performance under
6th and 14th are presented. The position reference switches
between 0 and 10 degrees at +1 r/min in Fig. 14. The motor is
vibrating at +1 r/min, and the vibration of the speed response
is approximately 0.5 r/min under 6th (£ . = 50%, T, = 30
ms), as shown in Fig. 14(a), but the speed response is
optimized and the vibration is approximately 0.1 r/min under
14th (Ej, g = 10%, T, = 20 ms) in Fig. 14(b). The position
response is enlarged at +1 r/min under 6th and 14th, as shown
in Fig. 15. The comparison of Figs. 15(a) and 15(b) shows
that the position response rises more smoothly under 14th,
and the vibration of the speed response is evidently decreased.
These results effectively validate that the low-speed control
performance reaches the control indices under 14th and
feasibility of the
phenomenon. Therefore, the relative performance of low-
speed crawling reaches the given performance indices until
14th.

mitigates  the low-speed crawling

4) Verification of Control Performance with Load
Disturbance
When the system is under the speed control mode, Figs. 16
and 17 show the experimental results of speed response,
u-phase current, and torque response under 6th and 14th,
respectively. The load steps up from no load to the rated load,
and steps down from the rated load to no load. The speed
reference is 2500 r/min in Fig. 16 and 250 r/min in Fig. 17.
The dynamic performance of step load as it steps up and down
is enlarged. Improved robustness and rapid dynamic response
are achieved under 14th when the load torque is suddenly varied.
Therefore, relative performance reaches the control indices
until 14th, and DE-SMC plays an “anti-disturbance” role.
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Fig. 18. Histogram of the comparative results under 6th and 14th
with load disturbance.

To clearly show the difference in control performance
under 6th and 14th with load disturbance, the histogram of
the comparative results is presented in Fig. 18.

V. CONCLUSION

A novel DE-SMC method is applied to a servo drive
system. To achieve the given performance indices and
improve robustness when the system is under parameter

mismatch and load disturbance, a suitable DE algorithm
iteration is selected to automatically optimize the main
parameters of SMC. The dynamic and given steady
performance indices of the speed response in a limited
number of iterations can be achieved by the DE algorithm,
thereby reducing the low-speed crawling phenomenon under
a convergent iteration. That is, robustness can be improved
and the given control indices can be achieved under a suitable
number of iterations.
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